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In this study, we synthesized degradable PRGD/PDLLA/-TCP/NGF composites to facilitate neuronal repair. To this end, we (1) 
examined the release of nerve growth factor (NGF) from the composites, (2) evaluated the differentiation status of the cells and (3) 
address how transcriptional activity may regulate the differentiation mechanism of these cells. NGF content was determined using 
enzyme-linked immunosorbent assay, while the cellular mRNA expression was examined by real-time PCR analysis. Our results 
indicated that NGF release was robust during the first 10 days and then stabilized at a lower level thereafter. Treatment of PC12 
cells with the extract of the NGF-embedded composites induced the formation of neurites and, in some cases, net-like neurites. 
Analysis of the expression level of differentiation-related genes, such as TrkA, VGF, Rab1, GAP43 and β-tubulin II, were signifi-
cantly up-regulated. These findings suggest that these composites might be a suitable delivery system for growth factors like NGF 
that can be used to facilitate neuronal repair after injury.  
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Synthetic nerve guide conduits with sustained release of 
nerve growth factor (NGF) are valuable in the treatment of 
peripheral nerve injury [1]. A novel nerve guidance conduit 
comprising poly{(lactic acid)-co-[(glycolic acid)-alt-(L- 
lysine)]} (PRGD), poly (d,l-lactic acid) (PDLLA), β-tricalc- 
ium phosphate (β-TCP), and NGF was synthesized by em-
bedding NGF into degradable composites [2]. The main 
compositions and their functions are shown in Table 1. The 
NGF content in the composites was 70 µg/g, while the argi-
nine-glycine-aspartate (RGD) peptide content was 6.9 
µmol/g. Previously, we showed that Schwann cells re-
mained healthy when cultured with these composites, which 
indicated good cell affinity and biocompatibility [8]. In ani- 
mal experiments, the composites also showed good bio-
compatibility and facilitated nerve regeneration bridging a 
sciatic nerve defect [9]. However, currently it is unclear 
how these NGF-embedded composites affect neuronal cell 
differentiation and how the composites function during pe-
ripheral nerve repair. 
The rat pheochromocytoma cell line (PC12) is widely used 
to investigate mechanisms regulating neuronal differentiation. 
In response to NGF, PC12 cells differentiate into sympathetic 
neuron-like cells. Throughout the differentiation process, 
NGF induces the expression of many genes. In this study, we 
evaluated the effect of NGF-embedded composite extract on 
the expression of five neuronal differentiation-related genes: 
TrkA, VGF, Rab1, GAP43 and β-tubulin II.  
TrkA is a receptor tyrosine kinase with high-affinity re-
ceptor for NGF that activates the Ras-MAPK signaling 
pathway to regulate PC12 cell differentiation [10,11]. TrkA 
mRNA expression is increased by NGF addition [12,13]. 
VGF is a NGF-specific response gene. It has been reported 
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Table 1  Main composition of the composite and their functions used for 
synthesizing the nerve guidance conduit a)  
Names of main  
compositions 
Function 
PDLLA superior biodegradability and high mechanical  
properties, excellent delivery systems [3,4] 
PRGD improve the cell attachment and growth [5] 
-TCP balance out the acid degradation product of PDLLA 
and change the solubility of calcium [6] 
NGF a neurotrophic protein predominantly acting on senso-
ry and sympathetic neurons, promoted nerve regener-
ation [7] 
a) PLLA: poly(d, l-lactic acid); β-TCP: β-tricalcium phosphate; NGF: 




that VGF mRNA was rapidly and markedly induced by 
neurotrophins such as NGF, peaking during axonal out-
growth and synaptogenesis [14]. Rab1 is a vesicular traf-
ficking protein. During NGF-induced neurite extension, 
Rab1 is enriched in neurites and predominantly enriched in 
growth cones [15]. Cell differentiation is also accompanied 
by prominent changes in the expression of cell struc-
ture-related proteins to regulate morphological changes. NGF 
has been demonstrated to regulate the expression of cytoskel-
etal proteins such as β-tubulin II and regulatory proteins like 
GAP-43 in PC12 cells [16,17]. In this study, we investigated 
the release of NGF from NGF-embedded composites and 
evaluated its effects on PC12 cell differentiation. 
1  Materials and methods 
1.1  NGF released assay 
PRGD/PDLLA/β-TCP/NGF and PRGD/PDLLA/β-TCP 
films were synthesized as described previously [2]. Pieces 
of NGF-embedded composites (weighing ~100 mg, n=5) 
were immersed in 3 mL of phosphate buffered saline (PBS, 
pH 7.4) and incubated at 37°C on an orbital shaker (100 
r/min). The supernatant was removed daily and replaced 
with an equal volume of fresh PBS. The NGF concentration 
in the daily supernatant sample was measured by an en-
zyme-linked immunosorbent assay (ELISA) kit (Promega, 
Wisconsin, USA). The concentration was calculated as the 
total NGF content per total mass of the composite. 
1.2  Extract of the composites 
PRGD/PDLLA/β-TCP/NGF and PRGD/PDLLA/β-TCP 
films were sterilized with ultraviolet light for 30 min on 
each side. Pieces of the two composites were extracted with 
RPMI 1640 (Hyclone, Utah, USA) complete media for 24 h. 
Then, the supernatants were collected and diluted four-fold 
with RPMI 1640 complete media and stored at −70°C. 
1.3  Cell culture and treatments 
PC12 cells were obtained from China Center for Type Cul-
ture Collection (Wuhan, China) and cultured at 37°C at 5% 
CO2 in RPMI 1640 complete media supplemented with 10% 
horse serum (HS: Gibico/BRL, New York, USA), 5% fetal 
bovine serum (FBS: Gibico/BRL), 100 U/mL penicillin and 
100 ng/mL streptomycin (Invitrogen, Carlsbad, USA). 
PC12 cells were seeded on tissue culture plates that had 
been previously treated with 1.0 mg/mL poly-L-lysine 
(Sigma; St. Louis, MO, USA) for 4 h. The following day, an 
equal number of cells were divided into 4 groups (n=3) and 
treated with different culture media: (A) RPMI 1640 com-
plete medium with 50 ng/mL NGF; (B) RPMI 1640 com-
plete medium without NGF (control group); (C) extract of 
NGF-embedded composites; (D) extract of composites 
without NGF. After 3 days of culture, we obtained random 
microscopic images of PC12 cells under a light microscope 
(Olympus, Tokyo, Japan). Three sampling points were set 
in the experiment (1, 2 and 3 d). Three parallel samples 
were made for each group and quickly frozen and stored in 
liquid nitrogen.  
1.4  Quantitative real-time PCR  
Total RNA was isolated from cells using Trizol reagent 
(Invitrogen) and was reverse transcribed into cDNA. All the 
primers used in the quantitative PCR (qPCR) analysis are 
listed in Table 2. Some of the primers were designed based 
on the gene sequences of Rattus norvegicus present 
Table 2  Real-time PCR primers used in this experimenta) 
Gene name 
Primer sequence(5′→3′) Product size 
(bp) Forward primer Reverse primer 
TrkA * GGGGCTAACTCTGGTCAAT ATGCTGTTCCACGGCTTT 151 
Tubulin-2 * CCCAACAATGTGAAGACGG GCCTCGGTGAACTCCATCT 197 
Rab1 # GAGCCCATGGCATCATAGTT CATTCGTTGCGTTCTTAGCA 234 
VGF # GTGTCTGTCTCCCAGCCTTG ATTTCCTCCGTGAGGGGTAT 106 
GAP-43 # CCGACAGGATGAGGGTAAAG GCAGGAGAGACAGGGTTC 87 
GAPDH # TGCACCACCAACTGCTTAG GGATGCAGGGATGATGTTC 168 
a) * Primers were designed by Primer Premier 5.0; # Primers were cited from references [17,18]. 
 Qiu T, et al.   Chin Sci Bull   August (2013) Vol.58 No.24 2981 
on the NCBI homepage (http://www.ncbi.nlm.nih.gov), 
while others were obtained from references [17,18]. Condi-
tions for qPCR were previously described [19]. After com-
pletion of the qPCR amplification, data were analyzed with 
the Bio-Rad CFX manager software version 1.0 and fold 
difference was calculated using the 2−CT method. 
1.5  Statistical analysis 
All values were expressed as mean±standard deviation. 
One-way ANOVA was performed to evaluate differences 
among treatment groups and the control group (P<0.05). 
2  Results and discussion 
2.1  PC12 cell morphological changes after treatment 
with composite extract  
Figure 1 shows PC12 cells from the 4 groups after 3 days of 
treatment. Differentiated cells were defined as those with 
neurites longer than the soma diameter [20]. Most of the 
PC12 cells were differentiated in RPMI 1640 complete me-
dium with 50 ng/mL NGF (Figure 1(a)) and in the extract of 
NGF-embedded composites (Figure 1(c)). The majority of 
these cells possessed more than one neurite or even featured 
net-like neurites. By contrast, cells cultured in the extract of 
the PRGD/PDLLA/β-TCP composite without NGF or in the 
complete media without NGF groups remained round and 
undifferentiated after 3 days of treatment.  
2.2  Release kinetics of NGF 
We measure the amount of NGF released from the 
PRGD/PDLLA/β-TCP/NGF films in vitro for 15 d (Figure 
2). On the first day, there was a robust release of NGF  
 
 
Figure 1  Morphological differentiation of PC12 cells after treatments 
(400 magnification). (a) RPMI 1640 complete medium with 50 ng/mL 
NGF; (b) RPMI 1640 complete medium without NGF (control group); (c) 
extract of PRGD/PDLLA/β-TCP/NGF composites; (d) extract of PRGD/ 
PDLLA/β-TCP composites. 
(13.575±3.569 ng/mg film). The release rate of NGF slowed 
thereafter to 0.118±0.011 ng/mg film by the day 10. After 
this, the NGF that was released from the composites was 
less than 0.1 ng/mg films per day for the subsequent 5 days. 
By day 15, NGF could still be detected at 0.066±0.012 
ng/mg film. According to the diffusion-degradation based 
delivery system [21], the NGF-embedded composite is a 
suitable delivery system for NGF.  
In our study, the NGF release curve showed two     
distinctive stages with different slopes: in the first 10 days, 
the curve started with a prominent decline accompanied by 
a gradual reduced release rate; after 10 days, the curve plat-
eaued at a steady level. It is possible that the porous struc-
ture of the PRGD/PDLLA/β-TCP/NGF composites pro-
motes the rapid release of NGF. At early stages, NGF ad-
hering to the surface of composites was first released [6]. 
Then, after 10 days, the release rate of NGF maintained at a 
low steady level dependent on the degradation of the 
PRGD/PDLLA/β-TCP/NGF composite. We calculated that 
the NGF concentration in the extract applied in cell culture 
was ~28 ng/mL.  
2.3  mRNA expression levels of cell differentiation-  
related genes  
Using qPCR analysis, we detected a significant up-regulation 
of the transcription of five genes related to cells differentia-
tion when exposed to the extract of NGF-embedded compo-
sites. The peak of this expression for all the genes was at 
day 2. By contrast, the expression level of these genes 
where unchanged when treated with extract or from the 
composite or media without NGF. 
As shown in Figure 3, the expression of TrkA increased 
after treatment with NGF. This increase was most promi-
nent at day 2 and remained steady at day 3 in the NGF- 
embedded composite group. In these studies, the TrkA 
mRNA was equally induced by both the composite and me-
dia containing NGF. This indicates that the NGF released 
from the composite is as effective as soluble NGF in pro-
moting TrkA expression.  
 
 
Figure 2  The release of NGF from PRGD/PDLLA/β-TCP/NGF compo-
sites over time in vitro.  
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Figure 3  Time course of TrkA, VGF, Rab1, GAP-43 and β-tubulin II mRNA expression by real-time quantitative PCR analysis in PC12 cells after the 
indicated treatments. *P<0.05. 
Figure 3 shows the transcriptional changes observed for 
VGF for the first 3 days. There was a high expression of the 
VGF mRNA detected in both groups with NGF. Surpris-
ingly, however, the VGF mRNA in the NGF-embedded 
composite group showed a three-fold higher level of ex-
pression compared with the 50 ng/mL NGF group on day 2. 
Our results demonstrated that VGF mRNA levels were 
maximally induced to ~16-fold, which was in agreement 
with a previous report [22]. However, polarization can also 
lead to a rapid increase in VGF mRNA expression level by 
triggering calcium influx through voltage-gated calcium 
channels [22,23]. During the degradation of the composites, 
β-TCP elevates the calcium concentration in the culture 
medium, which is involved in mediating the growth and 
migratory direction of axons. Therefore, this increase in 
extracellular calcium likely promotes calcium influx into 
the cell and further enhances VGF mRNA expression in the 
PRGD/PDLLA/β-TCP/NGF group. 
We also noted that Rab1 mRNA expression levels in-
creased in our study (Figure 3), comparable with the result 
from Ragna et al. [24]. We observed a 4-fold increase in 
Rab1 mRNA levels after NGF stimulation from the compo-
site versus a 2.9-fold increase in protein expression in the 
50 ng/mL group. In both NGF groups, however, the levels 
of Rab1 were only transiently elevated at day 2, returning to 
control levels at day 3.  
GAP-43 plays a prominent role in neuronal differentia-
tion by regulating the extension and maintenance of neurites 
induced by neurogenic factors such as NGF [25]. Recently, 
qPCR and microarray analysis has shown that GAP-43 
mRNA expression steadily rose within 4 days after NGF 
addition in Ns-PC12 cells, which was coincident with the 
morphological extension of neurites [18]. In this study, we 
found that GAP-43 mRNA was strongly increased at day 2 
in the PRGD/PDLLA/β-TCP/NGF group and returned to 
control levels at day 3 (Figure 3). By contrast, 50 ng/mL 
soluble NGF promoted a similar increase in GAP-43 mRNA 
levels at day 2 that was maintained at day 3. Non-     
phosphorylated GAP-43 is served as a calmodulin trap, se-
questering the calcium-binding protein and keeping it inac-
cessible [26]. One possible reason for this difference might 
be that the increased calcium concentration from the degra-
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dation of β-TCP in the composites leads to the augment of 
binding between GAP-43 and the calmodulin. Regardless of 
this observation, however, the morphological changes of 
cells in both groups were similar at day 3. 
Finally, we also found that the levels of β-tubulin II 
mRNA expression were also significantly elevated at day 2 
and steadily increased in at day 3 when PC12 cells were 
exposed to 50 ng/mL NGF. Similar results was reported by 
Dijkmans et al. [18], who revealed an up-regulation of 
β-tubulin II mRNA both by microarray and qPCR analysis. 
There was also a strong up-regulation in β-tubulin II mRNA 
levels in the NGF-embedded composite group at day 2, 
even higher than that observed in the 50 ng/mL group. 
However, unlike the 50 ng/mL group, the levels of β-tubulin 
II mRNA in the NGF-embedded composite group did not 
further increase at day 3. This earlier shift in peak expres-
sion is likely related to the robust early release of NGF in 
the composite group (~100 ng/mL).  
3  Conclusions 
In conclusion, the novel composite presented in this study 
showed an effective release of NGF on the first day and 
maintained a steady release thereafter. Furthermore, the 
extract of this composite promoted PC12 cell differentiation 
and stimulated the expression of differentiation-related 
genes such as TrkA, VGF, Rab1, GAP-43, and β-tubulin II. 
Along with our previous data demonstrating the biocom-
patibility of this composite [8,9], these results suggest the 
PRGD/PDLLA/β-TCP/NGF composite should be suitable 
as a delivery system for growth factors such as NGF that 
may facilitate neuronal in the peripheral nervous system. 
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